Introduction
O rgan shortage [1] calls for a great need for the development of new biological substitutes. Tissue engineering has emerged as an attractive method to meet this need. The classic tissue engineering strategy is to seed specific cells isolated from a biopsy onto a three-dimensional (3D) scaffold, occasionally incorporating growth factors, to provide a temporal support for cell proliferation, differentiation and eventually formation of neotissue [2] . One major limitation of this strategy is the lack of precision in cell placement due to manual cell seeding; it is difficult to place different cell types at certain position depending on the type and function of a tissue [3] . To overcome this drawback, an automated and precise technology known as 3D bioprinting has gained scientists' interest in recent years. It is a computer-controlled process to produce 3D constructs layer by layer, in which cells mixed with biomaterials can be distributed in a certain position [4] . This direct method makes it an attractive tool for the development of 3D-organised cellular constructs with special biological and mechanical properties [5] . One major challenge of 3D bioprinting is to develop a printing material to meet a repertoire of characteristics suit able for printing. The printing materials should have suitable physiochemical properties such as shear thinning, high viscosity, as well as post-printing structural stability [6, 7] . Moreover, the materials should provide a desirable environment for cells to encapsulate, migrate, proliferate and differentiate [8] . Hydrogels exert great potential as printing materials due to their cell-encapsulating ability and their mimicking of physical and chemical properties of the extracellular matrix (ECM) [9] . The difficulty lies in the delicate ba-
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lance between printability and biological properties of hydrogels towards 3D bioprinting. Increasing the polymer concentration results in a highly viscous hydrogel precursor and a quick gelation into a crosslinked hydrogel, which provides good printability and high shape fidelity [10, 11] , but a dense polymer network can inhibit the formation of new ECM and matrix remodelling as well as cell migration [12, 13] . Therefore, the development of a hydrogel system with appropriate balance of printability and cell support will promote hydrogel application in 3D bioprinting.
Large numbers of natural-or synthetic-derived h ydrogels have been studied for 3D bioprinting such as alginate [14] , collagen [15] , gelatin [16] and poly(ethylene glycol) diacrylate [17] . Among those materials, gelatin is an attractive material with biological cues containing cell-adhesion motifs (arginine-glycine-aspartic acid (RGD) sequences) and target sites for matrix metallo proteinase (MMP) in cell remodelling and degradation [18] . The thermally sensitive ability of gelatin can support the printing process [19] [20] [21] [22] . Moreover, gelatin can be modified with methacrylamide and a minority of methacrylate groups, resulting in a photo-crosslinkable material-gelatin methacryloyl (GelMA) [23] . GelMA retains biofunctionality from gelatin [18] and its photocrosslinkable property enables quick formation of a covalently crosslinked hydrogel, which maintains the printed construct permanently, thus becoming stable under physiological temperature [24] . GelMA has been demonstrated as a suitable printing material for 3D bioprinting. Printing GelMA requires relatively high polymer concentrations due to low viscosity at 37 °C [24] ; however, previous work has shown that the high polymer concentration could compromise cell viability [24] [25] [26] . Nichol et al. studied cell viability of NIH 3T3 fibroblasts encapsulated in 5%-15% GelMA, and high cell viability (>80%) was generally observed in below 10% GelMA [27] . Additionally, to improve the printability of GelMA, precise control of the nozzle temperature and the cooling down the platform have been conducted to successfully print GelMA, but then the hardware becomes important [28] . Thus, the development of a smart system with improved rheological properties is imperative for using GelMA in 3D bioprinting.
In this work, an enzymatic crosslinking process triggered by a Ca 2+ -independent microbial transglutaminase (MTGase), a nontoxic crosslinker with high specific activity [29] , was introduced to catalyse the iso peptide formation between the γ-carboxamides of glutamine residues and ε-primary amino of lysine residues in chains of GelMA [30] . We hypothesize that this enzymatic crosslinking method could improve the rheological properties and printability. We examined the gelling behaviour and viscosity of 10% GelMA solution treated with MTGase, as well as the mechanical properties of hydrogels formed by enzymatic crosslinking and photo crosslinking.
Materials and Method

Materials
Methacrylic anhydride (MAAnh), Irgacure 2959 (I2959), deuterium oxide (D 2 O) and gelatin (gel strength ~ 175 g Bloom, Type A, from porcine skin) were purchased from Sigma-Aldrich (St. Louis, MO, USA). MAAnh is a reactant for synthesizing gelatin methacryloyl. I2959 is the most reported photo initiator for GelMA due to its water solubility and relatively low cytotoxicity compared with other photo initiators [31] . The microbial transglutaminase (MTGase) was obtained from Ajinomoto (Tokyo, Japan). The microbial transglutaminase powder with sodium caseinate and maltodextrin additives has an enzymatic activity of 100 U/g.
Synthesis of GelMA
The synthesis of GelMA was carried out under the optimized condition according to the previous work [32, 33] . Briefly, GelMA was prepared by reaction of type A gelatin with methacrylic anhydride as in the following: 7.95 g of Na 2 CO 3 and 14.65 g of NaHCO 3 were dissolved in 1 L distilled water to produce 0.25 mol/L carbonate-bicarbonate (CB) buffer solution. Following that, 50 g of gelatin was dissolved into 500 mL of the as-prepared buffer. The pH value of the gelatin solution was gradually adjusted to 9 by adding 5 mol/L NaOH solution in a dropwise manner. MAAnh was added to the solution to achieve an MAAnh:gelatin ratio of 0.05 mL/g. The reaction proceeded at 50 °C for 3 h. 1 mol/L HCl was added and the reaction was stopped when the pH value of the solution was adjusted to 7.4. The crude product was filtered and dialyzed using Minimate TFF system (Pall Corporation, New York, NY, USA) with a 10K MWCO cassette to remove any unreacted MAAnh and methacrylic acid by-product. Finally, GelMA was lyophilized to obtain a dried product and stored at −20 °C for future use.
1 H NMR Characterization
The methacryloylation of gelatin was measured by using 
Preparation of Enzymatic Crosslinked GelMA (MTGase-GelMA) Solutions
GelMA solution was prepared by dissolving the lyophilized GelMA at a concentration of 10% (w/v) in phosphate-buffered saline (PBS) solution. Different amounts of MTGase were separately added to the as-prepared GelMA solutions so that the final concentrations were 1, 3 and 5 U/mL. The incubation temperature was 37 °C.
Preparation of Hydrogels with Different Crosslinking
The enzymatic crosslinked hydrogels were prepared by pouring 200 μL 10% (w/v) GelMA with 3 U/mL MTGase into a cylindrical mould, and sealed and incubated at 37 °C for 12 h. The photo-crosslinked hydrogels were prepared by pouring 200 μL of 10% (w/ v) GelMA solution containing 0.1% (w/v) Irgacure 2959 into a cylindrical mould at 37 °C and exposed to UV light (λ = 365 nm with an intensity of 1.5 mW/cm 2 ) for 5 min. The dual crosslinked hydrogels were prepared by a mixture of the above steps; after incubating the MTGase-GelMA solution at 37 °C for 12 h, the samples were then UV-cured for 5 min. All the samples were taken out of the mould for further experiments, of which the dimensions were 8 mm in diameter and 3 mm in height.
Rheological Properties
The rheological properties of the enzymatically crosslinked hydrogels were tested by a rheometer (MCR 501, Anton Paar Germany GmbH, Ostfildern, Germany) with a 25-mm cone-plate geometry and with an angle of 2°. To study the formation of gel network, the time sweep test was performed where storage modulus (G') and loss modulus (G") were monitored as a function of time at a fixed frequency of 1 Hz and strain of 3%. To avoid the evaporation of water, the MTGase-GelMA solutions were sealed in the tube and incubated at 37 °C, then sequentially loaded onto the rheometer at an interval of 1 hour and tested for 1 min. During testing, measurements were taken every second, and the average of the 60 data points represented the average modulus of the sample at different incubation time periods. The time-dependent viscosity during the enzymatic crosslinking proceeding was tested at 37 °C under the shear rate of 100 s -1 , in a similar way of data collection described earlier. The flow behaviour of solutions was examined within the range of shear rate from 0.1 to 1000 s -1 at 37 °C. Frequency sweep was carried out to test the viscoelastic properties of the hydrogels by using a parallel plate geometry with 10-mm diameter. The mechanical spectra were recorded with 2% strain over a frequency range from 0.1 to 10 Hz at 37 °C.
Results and Discussion
Methacryloylation of Gelatin
The chemical structures of unmodified gelatin and GelMA are shown in Figure 1A and B. Compared with the spectrum of unmodified gelatin, GelMA sample formed new functional groups, marked as green "a" and blue "c" in Figure 1B , which can be confirmed by the 1 H NMR spectra ( Figure 1C) . The peaks at around chemical shifts (δ) of 5.3 and 5.6 ppm were assigned to the acrylic protons (2H) of the grafted methacryloyl group, and another peak at δ = 1.9 ppm was attributed to the methyl group (3H) of the grafted methacryloyl group. Meanwhile, there was a decrease of intensity at 2.9 ≤ δ ≤ 3.1 ppm, which was assigned to the lysine methylene (2H) and marked as pink "b". As lysine is the reaction site, this trend could be used to quantify DM, which yielded to be 53.5% ± 0.9%. The remaining lysine groups could be utilized for enzymatic crosslinking as it is an acyl acceptor.
Rheological Characterization
Gelling Period of GelMA Incubated with MTGase
The mechanism of enzymatic crosslinking is that MTGase catalyses the inter-and intra-molecular bonds formation between the γ-carboxamides of glutamine residues and ε-primary amino of lysine residues in the chains of GelMA (Figure 2) . The growth of a connected structure will eventually lead to formation of a chemical gel.
To determine that the reaction took place, a time sweep test was performed at the incubation temperature (37 °C). The effect of the MTGase concentration on the gel formation of 10% GelMA was examined. There were two moduli generated from these experiments: G' representing the deformation energy stored, and G" being the energy dissipated during shear. They are sensitive to molecular structure evolution, especially the formation of network. Figure 3 shows that, at the beginning, the GelMA solution with MTGase behaved liquid-like, where G" is higher than G'. When gelation takes place, there is a crossover of G' and G" (whereby the value of G' is higher), which could be seen for the 10% GelMA incubated with 5 U/mL MTGase. The effect of the concentration of MTGase on the gelling period is sum- Table 1 . There was no gel formation observed for GelMA solution containing 1 U/mL MTGase within 4 h. Above 1 U/mL MTGase, gelling periods were detected when the MTGase concentration was increased: 3-4 h for 3 U/mL MTGase and 1-2 h for 5 U/mL MTGase. Additionally, the gelling period of hydrogels was confirmed by the tube inversion method (Figure 3,  inset) . Those results reveal that MTGase does exhibit a crosslinking action; the gelling times for the MTGaseGelMA hydrogels are shortened by raising the MTGase concentration due to the enhanced catalytic activity.
It has been reported that MTGase catalyses the conversion of gelatin solutions into hydrogels, and gelling times depends on the type and concentration of gelatin [34] . Type A gelatin was selected in the study because Type A gelatin prepared by acid treatment is more effective for enzymatic crosslinking than Type B gelatin prepared by base treatment, as base treatment can hydrolyse the amide groups of glutamine residues and suppress enzymatic crosslinking.
Viscosity During Incubation with MTGase
Viscosity and shear thinning behaviour are important properties which affect the extrusion process in 3D printing [6] . The nozzle is easily clogged when the viscosity is too high within the nozzle tip during extrusion [35] ; however, a relatively high viscosity is required to avoid the surface tension-driven droplet formation and the collapse of post-extrusion structure [36] . Thus, a material with shear thinning behaviour and a suitable viscosity will be favoured for 3D printing. Murphy et al. summarized that a range of viscosity (30 mPa•s to 6 × 10 7 mPa•s) would be suitable for extrusion-based printing [5] . The viscosity of 10% GelMA solution without MTGase treatment was 5.9 mPa•s ( Figure 4A ) under the shear rate of 100 s -1 (which was reported as the shear rate of materials experienced in the needle tip [37, 38] ), which was far below the aforementioned range of printing viscosity. Literature has shown that the viscosity of gelatin solution increases after transglutaminase inducedenzymatic crosslinking [39] , so for the current study, it was intended to alter the viscosity of 10% GelMA solution with MTGase treatment, and thus the viscosities of 10% GelMA solutions incubated with different concentrations of MTGase at 37 °C were investigated under the shear rate of 100 s -1 . Additionally, the flow behaviours of the solutions were studied within the range of shear rates from 0.1 to 1000 s -1 , as shown in Figure 4B . Figure 4A shows that the addition of MTGase resulted in a net increase in viscosity after incubation at 37 °C. The rate of viscosity increment was higher with increasing MTGase concentration. At a concentration of 1 U/ mL MTGase, the viscosity of 10% GelMA solution increased from 5.9 mPa•s (0 h) to 12.1 mPa•s (4 h), while there was a great change in viscosity for 10% GelMA containing 3 U/mL MTGase and 5 U/mL MTGase, from 8.4 mPa•s (0 h) to 438.5 mPa•s (4 h) and 13.6 mPa•s (0 h) to 5776.1 mPa•s (4 h), respectively. The addition of MTGase enzyme catalyses the covalent crosslinking action in gelatin, resulting in an increased molecular weight and crosslinking degree [40] , and most likely contributing to higher viscosity when added to GelMA. Though higher viscosity values can reach the threshold value suitable for printing, the continued increment in viscosity ( Figure 4A ) may eventually lead to the clogging of nozzle over time. Thus, a suitable incubation time should be optimized in the future. Notably, the solutions exhibited shear-thinning behaviour at certain incubation times ( Figure 4B ), which would facilitate the printing process.
The Effect of Different Crosslinking Methods on Viscoelastic Properties of Hydrogels
While sufficient viscosity is required for printability during printing, further gelation is necessary for handling and maintaining the final constructed shape. Thus, frequency sweep test was performed to investigate the effects of single (either enzymatic or photo-crosslinking) or dual (both enzymatic and photo-) crosslinking on viscoelastic properties. The enzymatic crosslinked hy dro gels formed during incubation with MTGase. Subsequently, enzymatic crosslinked hydrogels were photocured on exposure to UV light to support long-term stability of GelMA constructs. Such dual crosslinked hydrogels exhibited enhanced viscoelastic properties when compared with single crosslinked samples, as evident from Figure 5 ; the enzymatic crosslinked hydrogel had the lowest G' when compared to photoand dual-crosslinked hydrogels, with the latter exhibiting the largest G' values. Figure 6 shows structural integrity, 
Conclusion
In this study, an enzymatic crosslinking method was introduced to GelMA system to improve its rheological properties for 3D printing application. It was found that MTGase could catalyse the bond formation in GelMA. The viscosity of GelMA solution could be increased by increasing the enzyme concentration and incubation time, and the solutions exhibited shear-thinning behaviour. Subsequently, fast photo-crosslinking of GelMA aided in maintaining its structural integrity. Such dual crosslinked hydrogels could achieve higher mechanical stability. Thus, MTGase treatment on GelMA could be a practical method to facilitate the application of GelMA in 3D printing. 
